The effects of radiation heat transfer in rocket engine combustion chambers are studied analytically. The fuel is hydrogen, methane or ethanol, and the oxidizer is oxygen. Radiative heat fluxes are estimated using empirical equations, and convective heat flux is estimated using flux on a flat plate, with modification of circumferential length in convergence to, or divergence from, the throat. The calculated total heat flux including radiation and convection showed reasonable agreement with the flux measured experimentally. The ratio of radiative heat flux to total flux is increased up to 30% in the cylindrical section, whereas it is less than 10% at the throat. The effect of radiation on the total amount of heat transferred to the chamber is remarkable when increasing the length of the cylindrical section and diameter, respectively. It is also made clear that the conventional estimation method of heat flux based on the pipe flow model can estimate larger heat flux in small chambers, in spite of ignoring the effects of radiation.
Introduction
The combustion chamber of liquid rocket engines receives heat by radiation as well as convection. In general, the contribution of radiative heat transfer is small, and only convective heat transfer is a major concern in the thermal analysis of combustion chambers. The convective heat flux calculated using the conventional method often overestimates the flux measured experimentally. However, the effect of radiative heat transfer was pointed out to be 5 to 35% of the total amount of heat transferred to the combustion chamber. 1) In recent studies based on numerical analysis, 2, 3) it is also reported that the local heat flux and total amount of heat transferred are significantly influenced by radiation. For example, radiative heat flux can reach about 10% of the overall heat flux for SSME. Therefore, the accurate estimation of heat flux including the effect of radiation is important in the cooling design for combustion chambers. The accurate estimation of the total amount of heat transferred is also essential when designing engine systems; especially when an engine adopts the expander cycle that utilizes the coolant heated in the combustion chamber cooling jacket as the turbine-drive gas.
The present study examines an outline of the effect of radiative heat transfer on the local heat flux and the total amount of transferred heat. In this paper, propellant combinations are oxygen/hydrogen, oxygen/methane and oxygen/ethanol. The radiative heat flux and convective flux are estimated analytically using empirical and theoretical equations. The effects of radiation are discussed in relationship to the propellant and the size of chambers. The characteristics of heat flux estimated using the conventional method are also discussed by comparison with the flux estimated by the present method for further use in the estimation.
Calculation Method

Heat flux
The heat flux by radiation from steam and carbon dioxide can be calculated using the formulae of Schack 4) as follows, where the constant values are re-calculated based on SI units. p H 2 O and p CO 2 are the partial pressures of steam and carbon dioxide in the combustion gas, respectively. T g is the static temperature of the combustion gas. Power numbers of temperature are specified by the experiments. S represents the emissivity (i.e., the ratio of the radiation constant of actual material to that of black body). The mean thickness of the radiating gas layer, s, is expressed as
k of 0.95 for the gas body shape of infinitely long cylinder and S of 0.65 for the surface of oxidized copper are used in the present study. The equations were derived from several experimental results by, for example, Schmidt, Hottel and Mangelsdorf or Eckert. In the experiment by Hottel and Mangelsdorf, the radiation was collected by a gold-plated concave mirror and the radiation was measured with a thermocouple. This is one of the ways to measure radiation experimentally, as well as using a mirror wall.
The formulae were confirmed by comparison with the previous experimental results. The measurements were conducted to 1600 K and to several atmospheres. They were lower than conditions in the combustion chamber, respectively. The subject of this study is to investigate an outline of the effect of the radiation. However, the formulae may not have sufficient accuracy to estimate heat flux in the rocket engine combustion chambers. The applicability of the formulae in the combustion chamber will be discussed in Chapter 3.
Convective heat flux is calculated using a flow model along with a flat plate with modifications on the convergent section and divergent section near the throat. The convective heat flux is
In another style,
where the wall temperature measured in experiments is used for T w . In case of no measured data of T w , the presumed temperature of 700 K is used in this study. Based on the Reynolds analogy, the Stanton number, c H , is calculated using the friction coefficient, c f , as follows:
In the cylindrical section, the friction coefficient is calculated using the formula for the turbulent incompressible flow.
5)
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On the other hand, the coefficients of the compressible flow at the throat and chamber exit are calculated using the formula of White. 
Here, a recovery factor of 1.0 is presumed, and the recovery temperature, T r , becomes equal to the total temperature, T total .
The combustion chamber has a convergent section to the throat and a divergent section to the chamber exit. The mass flow rate in the boundary layer is increased as the fluid flows on the wall. Assuming the mass flow rate in the layer is conserved, the boundary layer becomes thicker in the convergent section than the layer flows in a straight duct. In such a situation, the velocity gradient and temperature gradient to the wall, and also the heat flux, are decreasing. The thickness of the turbulent boundary layer is given as follows 5) :
The ratio of thickness of the boundary layers at two different positions can be expressed as,
Due to conservation of the mass flow rate in the boundary layer, the thickness of the layer is inversely proportional to the length of circumference. Therefore, the ratio of thickness, ¡, can be redefined as,
Then, Eq. (7) is modified as follows:
This modification is derived using the relationship for the incompressible gas flow, whereas the gas is compressible in the divergent section of the chamber. Herein, the modification is also applied to the flow in the divergent section for simplicity.
Propellant
Three kinds of propellant combustion are examined; oxygen/hydrogen, oxygen/methane, and oxygen/ethanol. The properties of the combustion gases in stagnant condition are calculated using the CEA code. 6) Properties in the cylindrical section, at the throat and at the chamber exit are calculated under the frozen condition for simplicity in parametric calculation. Viscosity is presumed to be proportional to static temperature.
5) The subject of the present study is to investigate an outline of the effects of radiation. Use of these calculation methods is within the scope of this study.
Amount of heat transferred
The total amount of heat transferred to the chamber wall is calculated applying a simple integration method using the estimated values of heat flux. As for the friction coefficient necessary for heat flux estimation, there is no general formula applicable to both incompressible flow and compressible flow. Therefore, the friction coefficient in the convergent section is calculated by interpolation of the coefficient in the cylindrical section and that at the throat. Figure 1 shows a schematic of representative heat flux distribution in a combustion chamber. As shown in this figure, a low heat flux region exists in the vicinity of the injector face plate. This injector effect with local reduction in the heat flux is caused by the insufficient progress in combustion. Kumakawa et al. derived an empirical relational expression to estimate the length of the injector effect. 7) However, reports do not always refer all of the data necessary for the empirical expression. Thus a specified length of the low heat flux region is presumed in the present study, based on the experimental results reported. The heat flux calculated in the cylinder section is compared with the flux measured downstream of this region. In calculating the total heat transferred, the length is 0.05 m for a small engine with a throat diameter of 0.1 m, and 0.1 m for a large engine with that of 0.3 m, respectively. 8) In small engines (e.g., LE-5), the length is around 0.05 m and that is around 0.1 m in large engines (e.g., LE-7).
Results and Discussion
Calculated and measured heat flux
The values of heat flux calculated by the present method are compared with the measured values of past experiments. Table 1 shows the summary of firing test conditions of the experiments referred in the present paper. [7] [8] [9] [10] [11] [12] [13] In these firing tests of methane-and ethanol-fueled combustors, it is assumed there is no radiation from solid carbon.
The results of comparison between the heat flux calculated and the flux measured are shown in Fig. 2 . Figure 2 As shown in Fig. 2(c) , however, it should be noted that the heat flux at the chamber exit can be overestimated. One of the possible reasons is underestimation of the boundary layer thickness in the divergent section. The modification is derived from the relationship in the incompressible flow. The present modification requires further examination to be applied to the compressible boundary layer. However, the values of heat flux in the divergent section are significantly lower than those near the throat, thus the impact on the total amount of heat transferred to the chamber would be small.
Effect of radiation on heat flux
Based on the heat flux calculated using the present method, the effect of radiation on heat flux is examined. Figure 4 shows the ratios of radiative heat flux to the total heat flux for the oxygen/hydrogen combustor. The mixture ratio is O/F = 6 and the chamber pressure is p c ¼ 3 or 10 MPa. The size of the combustion chamber is varied from 0.1 to 0.5 m in diameter with the contraction ratio of 2.78. As the chamber diameter is increased, the ratio of radiative heat flux increases up to 30% in the cylindrical section, whereas the ratio at the throat is less than 10%. The ratio of radiative heat flux in the cylindrical section takes a higher value than that at the throat, and it also takes a higher value in the case of lower chamber pressure. These characteristics can be explained with the equations used in the present method. Equation (1) of the radiative heat flux is rewritten as
where,
is presumed. Equation (4) of the convective heat flux is rewritten with Eq. (6) as
The radiative heat flux is proportional to the 0.6 power of the chamber diameter and is proportional to the 0.6 power of the total pressure, whereas the convective heat flux is proportional to total pressure. The ratio of the radiative heat flux to that of convective heat flux is expressed with Eqs. (13) and (15) as
Here,
The ratio of radiative heat flux becomes larger as the diameter increases, and smaller as total pressure increases. Figure 5 compares the heat flux measured with the flux calculated applying the convection only in the cylindrical section. Many convective heat fluxes calculated are lower than those measured. Difference from Fig. 2(a) is caused by the radiation, corresponding to the amount shown in Fig. 4 . Though the conditions in the combustion chamber are out of the original applicable conditions of Eqs. (1) and (2), there will be no great problem using the equations. The accuracy in estimating heat flux will be improved by including radiation. It depends on the position of measurement, chamber geometry and operating conditions of the engine. The effect of radiation on the total amount of transferred heat will be discussed in Section 3.3. Figure 6 shows the results for the oxygen/methane combustor in the cylindrical section. The combustion gas contains carbon dioxide as well as steam. Figure 6 shows not only the ratio of radiative heat flux to total radiative flux, but also the molecular ratio in the combustion gas for steam and carbon dioxide. In the ratio of radiative heat flux, the radiation from carbon dioxide is lower than that from steam. This characteristic is also derived from the equations used in the present method. From comparison of Eqs. (1) and (2), the constant number for carbon dioxide is smaller than that for steam. The exponential number of partial pressure for carbon dioxide is also smaller than that for steam; besides the value of partial pressure for carbon dioxide is smaller than that for steam as shown in Fig. 6 by the molecular ratio. Therefore, the effect of radiation from carbon dioxide is significantly lower than that from steam. This implies that the radiation effect in hydrocarbon-fueled combustors is less than that in hydrogen-fueled combustors. 3.3. Effect of radiation on total amount of heat transferred In order to examine the effect of radiative heat transfer on the engine system design, the total amount of heat transferred to the chamber with and without radiative heat transfer is calculated. Figure 7 shows the ratio of those total amounts of heat for the oxygen/hydrogen combustor. Q total denotes the total amount of heat with radiation. It is calculated by integrating both radiative and convective heat flux. On the other hand, Q c denotes the total amount of heat without radiation and with convection only, and is calculated by integrating only the convective heat flux. In the value of Q total =Q c , the part beyond 1 shows the effect of radiation. The ratio of Q total =Q c is plotted as a function of the ratio of L y =D t , where L y denotes the chamber length in the cylindrical section and D t denotes the chamber diameter at the throat. The chamber exit diameter is the same as the chamber diameter in the cylindrical section. The contraction ratio for the large chamber with D t ¼ 0:3 m is 2.78, and the ratio for the small chamber with D t ¼ 0:1 m is 2.89. Figure 7 shows that the effect of radiation becomes larger as chamber length increases in the cylindrical section and also as the throat diameter increases. On the other hand, the effect of radiation becomes less as chamber pressure increases.
Herein, the ratio, Q total =Q c , is expressed in a numerical formula. The radiative heat flux in Eq. (1) is rewritten with a Mach number as follows:
In Eq. (19), r p is the ratio of the steam partial pressure to the whole pressure. On the other hand, convective heat flux in Eq. (4) is rewritten as follows:
From Eqs. (18) and (21), the ratio Q total =Q c is expressed as follows:
where, S is surface area, and g is defined as a function of the ratio of diameters as follows:
From Eq. (24), it is clarified that ratio Q total =Q c is proportional to 0.6 power of the throat diameter, D t , and is inversely proportional to 0.4 power of total pressure, p total .
In order to show the effect of each length of the chamber, a sample calculation is executed for an oxygen/hydrogen combustor with the mixture ratio of O=F ¼ 6. 
In the numerator of the second term, the coefficient of the cylindrical surface area, S y , is the largest. This means that the cylindrical surface area (i.e., the chamber length in the cylindrical section) has an intensive effect on Q total =Q c . Therefore, the effect of radiation should be taken into account when designing an engine with a long combustion chamber.
Conventional estimation of heat flux
As shown in the previous section, radiation has a significant effect on the total amount of heat transferred to the chamber, especially for chambers with a long cylindrical section. In experiments, the heat flux measured was larger than the convective heat flux, as shown in Fig. 4 . However, there has not been sufficient attention paid to the effect of radiation in the estimation of heat flux.
One of the reasons considered for this is the fact that most combustion chambers do not have a long cylindrical section, Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 6, 2016 337 ©2016 JSASS , , so the effect of radiation is not prevalent. Another reason is the fact that the heat flux estimated using the conventional method frequently results in overestimation compared to the heat flux measured in spite of having ignored the effect of radiation.
In the estimation of heat flux, the gas-side heat transfer coefficient by Bartz 14) is well known and frequently used. Wakamatsu showed the results of comparison between the heat flux using the formula of Bartz and that using the formula of Mayer, 15) and pointed out that the heat flux using Mayer's formula agreed well with the experimental values, whereas that using Bartz's formula did not. 16) There is a difference in the boundary layer model between them. The formula of Mayer adopts a turbulent boundary layer integral method along the flow direction of the combustion gas. On the other hand, the simplified formula of Bartz adopts the pipe flow model. As a specific example, Fig. 8 shows the results of the comparison between the heat flux calculated using the Bartz's formula and the flux measured in past experiments. The overestimation of the heat flux using Bartz's formula is also reported in other reports. 7, 9, 11) Herein, the numerical expression of heat flux using Bartz's formula is compared with that in the present paper. The heat transfer coefficient of Bartz's formula is: 
The parameters with a subscript of am are evaluated using the mean temperature defined as follows:
Specific heat, Cp, is not a function of temperature in a frozen ideal gas, so Eq. (27) is rewritten as follows:
Viscosity, ®, is a function of temperature, so its ratio can be replaced by the temperature ratio as follows:
For the power number of n, Bartz adopted 0.6. Prandtl number, Pr, is around 0.7 in most gases. 5) Therefore, Eq. (29) is rewritten as follows:
where
On the other hand, the heat transfer coefficient in the present convective heat flux in Eq. (4) is expressed as follows, using the friction coefficient of the incompressible flow in Eq. (7):
With the use of Eqs. (32) and (34), the ratio of the heat transfer coefficients is expressed as follows:
Finally, Eq. (35) is rewritten as follows:
In the evaluation of ¾, static temperature is used in this paper, whereas Bartz used the total temperature in his formula. Figure 9 shows the ratio of the heat flux at the throat calculated using Eq. (36) for the hydrogen-, methane-, and ethanol-fueled chambers. Here, a short chamber length of x = 0.05 m in the cylindrical section is assumed. The throat diameter, D t , is varied up to 0.3 m with the constant contraction ratio of 2.78. The heat flux ratio in Fig. 9 is decreased as D t increases. However, the heat flux ratio is always larger than 1.0. This means it is not possible to calibrate heat flux using a scaled chamber to estimate the heat flux of a larger chamber. Here, it should also be noted that the heat flux calculated in the denominator is the convective heat flux alone, and the radiative heat flux is excluded from the value. Therefore, the results shown in Fig. 9 imply that it is difficult to distinguish an increase in heat flux due to radiation from the overestimated heat flux due to Bartz's formula.
The overestimation of heat flux is caused by the pipe flow model used in the Bartz's formula. In general, the entrance region of the pipe flow must have enough length to establish Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 6, 2016 a fully developed velocity profile, and that length is several tens to several hundreds of times the diameter. 17) Though the effect of the radiation can be large in heat transfer, there was a general problem in calculating the heat transfer coefficient in a conventional manner. The formula significantly degrades accuracy when calculating heat flux. Bartz proposed another estimation method by integrating the turbulent boundary layer along the flow direction. In that article, he addressed the inadequate application of the pipe flow model to the rocket combustion chamber and nozzle. 18) 
Conclusion
The effects of radiative heat transfer in rocket engine combustion chambers were investigated analytically. The results attained in the present study show that careful attention to the effect of radiation is necessary during the thermal design of the chamber. The conclusions are summarized as follows:
(1) Radiative heat flux can be calculated using empirical equations and convective heat flux can be calculated using equations of a flat-plate flow model with modifications to the boundary layer thickness. The heat flux estimated including radiation and convection shows reasonable agreement with the heat flux measured.
(2) The effect of radiation on heat flux increases as the chamber diameter increases, and decreases as the chamber pressure increases. The ratio of radiative heat flux to total heat flux is about 10 to 30% in the cylindrical section and a few percent at the throat.
(3) In the hydrocarbon-fueled combustor, the effect of radiation from carbon dioxide is smaller than that from steam contained in the combustion gas.
(4) The effect of radiation on the total amount of heat transferred to the chamber increases as chamber length in the cylindrical section increases and chamber diameter increases.
(5) In spite of having ignored the effect of radiation, the convective heat flux estimated using the conventional method with a pipe flow model results in overestimation, especially for small chambers.
